Plasmids with the replication origin of bacteriophage fd, the pfdplasmids, were investigated for compatibility in E_. coli cells expressing fd gene 2-protein. This was measured by transformation of Ca-treated cells with and without a residing pfd-plasmid. When the two plasmids contained the complete intergenic region of bacteriophage fd, they were fully compatible in contrast to the situation in which at least one plasmid had a shortened origin for viral strand replication. This incompatibility effecTt was partially compensated for by a pfd-plasmid with a short origin and with the fd gene 2. The fd replication origin on a colEl plasmid did not affect compatibility in polA cells indicating its idling in the presence of the colEl origin. It can be concluded that a short replication origin requires high amounts of gene 2-protein in contrast to the long origin. Accumulation of replication intermediates severely interferes with host cell metabolism.
INTRODUCTION
Different plasmids can be stably maintained in the same cell as in Erwinia stewartii, where 20 % of the cell DNA consists of 12 distinguishable plasmids (1) . On the other hand, plasmids of the same incompatibility group cannot stably exist in the same cell. If those plasmids are forced by selective pressure to be present in a single cell, they often perform recombination to avoid two separate replicons, as in case of a nopaline and an octoplne plasmid in Agrobacterium tumefaclens (2) . In recA strains of E. coli, one plasmid can be forced to integrate into the chromosome to circumvent interference with the second incompatible replicon of the same type (3).
Plasmids have developed several strategies to assure their persistence in carrier cells and to circumvent coexistence of a plasmid of the same incompatibility group in a single cell. Multicopy plasmids have a high probability to become distributed into daughter cells, which can be expressed in a binominal distribution formula. This implies propagation by essentially equivalent replicons (4) . Low copy number plasmids must provide a more efficient mechanism to stably persist in a cell population. The partitioning ) IRL Press Limited, Oxford, England.
is controlled by a cis-acting element, named par, which was first described for plasmid pSClOl (5) . A peculiar feature of the par-element is a repetition of AT and GC-base pairs, which preferentially bind to DNA gyrase (6) . For lowand for high copy number plasmids, two competing plasmids can escape their common environment by asymmetric segregation. Moreover, plasmids may regulate replication directly by synthesis of an "anti-sense" RNA species, a countertranscript, which was shown to be a trans-acting element (7) . Another limiting step may be an initiator protein which limits the copy number of a plasmid and therefore affects the pool size of a plasmid system (8).
Earlier we have elucidated molecular steps in replication of filamentous bacteriophages (9,10) which turned out to be a relatively simple mechanism in terms of the proteins involved. It was noticed that filamentous bacteriophages have a tendency to cleave off a major part of their genome in order to replicate as a defective phage in the presence of a helper phage (11, 12, 13) .
This implies that different genomes of filamentous bacteriophages can stably exist in an infected cell. We have developed a phage fd cloning system which uses replication functions and part of the intergenic region of bacteriophage fd (14) . Besides the host proteins DNA polymerase III holoenzyme, DNA binding protein I (SSB-protein), RNA polymerase and rep-helicase, only viral fd gene 2-proteln is required to propagate those plasmids (10) . As many of these synthetic plasmids cannot simultaneously exist in the same cell in contrast to miniphages, we asked how pfd-plasmlds interfere with each other for DNA replication.
MATERIALS AND METHODS
Bacteria: E_. coli strains used in the experiments are listed in Table 1 .
Strain H411 has fd gene 2 inserted into galK of the chromosome and galK on F'8-gal. Strain H572 is E. coli H57O with the j>alK insertion only in the chromosome. Details of the construction of these strains will be described (R.
Baldes and K. Geider, manuscript in preparation).
Plasmids: Plasmids pfdA2 (Km), pfdA3 (Ap, Km) and pfdA8 (Km), which is mainly pfdA2 with a polylinker site, have been described (14) . Plasmid pfdA31 (Ap) was obtained by deletion of a Haell fragment with the Km-resistance in pfdA3. Plasmid pfdBll is double-stranded DNA from a spontaneously formed miniphage of phage fdlO4 (16) , which was kindly provided by Dr. R. Herrmann, Heidelberg, and plasmid pfdB12 was derived from pfdBll by exchange of the Haell fragment with Cm-resistance by a Haell fragment with Km-resistance derived from plasmid pfdA3. Plasmid pfdCl (Km) is a derivative of plasmid (17) 
RESULTS
Reduction of copy numbers for pfdA-plasmids at high temperature Gene 2-proteln of filamentous bacteriophage is a thermolabile enzyme which is largely inactivated during cell growth at 42°C (18) , although infected cells try to compensate the loss of gene 2-protein activity by overproduction of the protein (19) . The pfdA-plasmids contain 263 bp segment of the phage fd intergenic region and a resistance marker. For replication they need fd gene 2-protein in trans. When pfdA plasmids are propagated at 42°C without selective pressure, they will largely be eliminated from carrier cells (14) . Fig. 2 shows that the copy number of plasmid pfdA3 was indeed strongly influenced by temperature. At 40°C the plasmid band decreased drastically and was not visible anymore at 42°C.
When a permisssive E_. coli strain carrying the pfd-plasmid pfdA2 was plated at various temperatures on selective and on non-selective plates, plating was normal at 28°C and 37°C (Table 2 ) other pfd-plasmids the pfdA-plasmids seem to require a high gene 2-protein concentration whereas pfdB12 can replicate in the presence of low cellular Table 2 : Plating efficiency of strain C600-2 carrying a pfd-plasmid or F::Tn5. The cells were grown over night in St. I medium with Km (20 /»g/ml) . * replica plating on K20: 100 colonies grew out of 100. # replica plating on K20: No colonies grew out of 100. ** A lawn of cells was obtained, when about 10 6 or more cells were plated. No cells grew, when 10 5 bacteria or less were applied. + plated on Standard I-agar with Km.
-plated on Standard I-agar without Km. Replica plating with double selection showed loss of the unselected resistance marker (Table 3) . Occasionally other events like rearrangement of plasmids or sponteanously acquired Km-resistance were observed after selection on two antibiotics. It appeared therefore preferable to use a recA-strain as host.
Transformation of strain DH2 carrying plasmid pfdBll (with the complete fd origin) plasmids pfdA8 or pfdA3 gave no transformants, not even with single antibiotic selection (Table 4) . When the transforming plasmids were pfdB12 or pfdCl the rates were almost normal. The pfdBll and pfdB12 plasmids contain a Transformation and selection conditions were used as described in Table 3 . Transformation and selection conditions were used as described in Table 3 . * The colonies were unstable and did barely further grow on ApKm-plates.
complete fd orign, whereas pfdA-and pfdC-plasmids have a short one. However, interference was observed, when pIG414 was forced to use the short origin of phage fd (Table 5 , H572 (pfdBll)). In order to study the influence of the fd-replication origin in pIG414 without the colEl-origin, we transformed this plasmid into the polA strain H572 expressing fd gene 2-protein, where the colEl origin is not active (Table 5 ) . Compared to pfdplasmids the transformation efficiency of this DNA was low, although the fd origin was active in H572. It appears that primer formation at the colEl origin interferes with replication in the fd mode. When cells of H572 (pfdBll) were transformed with pIG414, no transformants were obtained. Thus, the change of the replication mode in pIG414 from colEl to fd prevented transformation of cells carrying another pfd-plasmid.
High cellular level of fd gene 2-proteln and pfd-plasmid incompatibility Strain H411 carries one copy of fd gene 2 on the chromosome and another one on the F-episome. This strain bearing plasmid pfdA8 was transformed with plasraid pfdA31. The transformation efficiency was significantly higher-than for transformation of strain BHB2600-2 (pfdA8), a host largely isogenic with strain H411, but without the second copy of fd gene 2 (Table 5 ). This supports the notion that increasing gene 2-protein concentration will result in a higher compatibility of pfd-plasmids with a short replication origin. On the other hand, when cellular gene 2-protein concentration is too high, the protein interferes with bacterial growth. They turned mucoid or grew badly on agar. The dependence of pfd-plasmid compatibility on the origin structure and expression of fd gene 2 protein are summarized in Fig. 3 .
Stability of two compatible pfd-plasmids in a cell E." ^oli^ strains propagate a pfd-plasmid usually stably, even in the absence of selective pressure (14) . Strains DH2 (pfdBll, pfdB12), DH2 (pfdBll, pfdCl) and DH2 (pfdBll, pIG414) were grown in the presence of chloramphenicol (Cm) and kanamycin (Km) or ampicillin (Ap). Fully grown cultures were diluted 1000 fold into fresh medium without antibiotics. In an appropriate dilution the outgrown cultures were plated on four different plates with and without antibiotics. The cells were selected for none, one or two of the plasmids i n i t i a l l y carried in the strains (Table 6 ). For DH2 (pfdBll, pfdCl) the plating efficiency on K m was strongly decreased. This implies that plasmid pfdCl, despite of efficient transformation of DH2 (pfdBll) and i t s coding pfdBll. This instability is presumably due to the Cm-resistance gene which may be less tolerated in the cells than the Km-resistance gene of pfdB12. Plasmid pfdCl was more strongly discriminated against, since only 1 % of the cells still carried this plasmid, whereas plasmid pIG414 was completely stable in the presence of pfdBll (Table 6 ) .
When grown with selection for two plasmids, DNA preparations of DH2
(pfdBll, pfdB12) revealed that both plasmids were present in equal amounts (Fig. 4 ) . DNA prepared from DH2 (pfdBll, pfdCl) gave only a band representing pfdBll, whereas pfdCl was not visible in the agarose gel. Transformation of DH2 with this plasmid preparation and selection on Cm or Km indicated that plasmid pfdCl was transformed into 2 % of colonies compared to those with Cmresistance (Table 6 ). This means that pfdCl is only present in low copy numbers in such cells even when grown in kanamycin. Replica plating of Kmresistant colonies showed cotransformation of both plasmids to occur in about 1/3 of the transformants. 
DISCUSSION
Bacteriophage fd is a well regulated system expressing i t s v i r a l proteins r e l a t i v e to their requirement for phage propagation (22) . Plasmids with the fd replication origin are s t r i c t l y dependent on fd gene 2-protein expression in the c a r r i e r c e l l (14) . We cloned fd gene 2 into a pBR-plasmid (17) and also transferred i t into the 15. coli chromosome (14) . Transformation of c e l l s expressing fd gene 2-protein with a pfdA plasmid increased the level of i n t r a c e l l u l a r fd gene 2-protein by a factor of 4 (17) . This implies an adjustment of gene 2-protein expression according to the demand for plasmid propagation. If two pfd-plasmids with at least one of them carrying a short replication origin were transferred into the same c e l l , the supply of gene 2- Like other typical high copy number plasmids, the pfd-plasmids do not expose a par-function, although membrane attachment of the replicating genome was discussed (25) . Coexistence of helper and mlniphages in the same cell argues against interference of countertransscripts with the replicating genomes. The availability of fd gene 2-protein as the initiator protein appears to be the only limiting factor. On the other hand, replication of a pfdA-plasmid together with another pfd-plasmid in the same cell causes major genome rearrangements which seem to bypass simultaneous replication. When both plasmids were selected in a recA-strain, cell growth was strongly inhibited.
Additional copies of fd gene 2 in the cell improved compatibility of pfdplasmids significantly, although compatibility as found for two pfd-plasmids with long replication origins was not observed. The negative interference can be explained by the formation of abortive replication intermediates binding SSB protein, RNA polymerase, rep-hellcase and residual gene 2-protein, which may thus be withdrawn from other replication active areas. This process might resemble the lethal effect of mutants of filamentous bacteriophages in nonpermissive cells (except for phages mutated in genes 2 and 8) (26) . Therefore, an undisturbed replication cycle of plasmids appears to contribute best to a healthy cell metabolism.
